ABSTRACT: The ability of a range of doses of ultraviolet irradiation (UV) to inactivate the waterborne actinospore or triactinomyxon stages (TAMs) of Myxobolus cerebralis was evaluated by infectivity for juvenile rainbow trout Oncorhynchus mykiss. TAMs were UV-irradiated using a low pressure mercury vapour lamp collimated beam apparatus. All doses 40, 80, 120 and 160 mJ cm -2 were found to completely inactivate the TAMs as demonstrated by the absence of microscopic lesions, myxospores and parasite DNA detected by quantitative PCR (qPCR) among rainbow trout 5 mo post-exposure. In contrast, rainbow trout receiving the same concentrations of untreated TAMs (1000 fish 
INTRODUCTION
A major method to control whirling disease among hatchery-reared salmonids has been to implement procedures that minimize or eliminate contact between the parasite Myxobolus cerebralis and susceptible young trout or salmon (Hoffman 1970 (Hoffman , 1990 . The rearing and stocking of parasite-free trout by state, federal and commercial fish hatcheries also prevents one of the major methods by which whirling disease has spread to both farmed and wild trout populations (Nehring & Walker 1996 , Vincent 1996 , Hedrick et al. 1998 , Modin 1998 . When hatchery water supplies contain infected salmonids and oligochaete hosts of M. cerebralis, disinfection of incoming water may be the only means to avoid the disease (Wagner 2002) . Ultraviolet irradiation (UV) disinfection systems are commonly used for hatchery water supplies because they are effective at inactivating all classes of microbial pathogens, and do not use chemicals or leave chemical residuals in the water that can have adverse effects on the fish.
The earliest reports of the use of UV for control of whirling disease were those of Hoffman (1974 Hoffman ( , 1975 . He found that UV treatments at calculated doses ranging from 18 to 112 mWs cm -2 (1 mWs cm -2 is equivalent to 1 mJ cm -2 ) provided partial to complete protection from Myxobolus cerebralis infections in tests conducted with rainbow trout Oncorhynchus mykiss receiving water with the then unknown infective stages which we now know are the actinospore or triactinomyxon (TAMs) stages of the parasite. These previously unknown waterborne stages were discovered by Wolf & Markiw (1984) , and this has led to the ability to propagate, isolate and accurately quantify levels of infectivity for controlled fish exposures. This allowed Hedrick et al. (2000) to conduct studies where known concentrations of TAMs were treated with different doses of UV and then evaluated by vital staining to develop an inactivation curve. These studies, using a collimated beam to deliver accurate UV doses, suggested that 1300 mJ cm -2 was required to inactivate 100% of the TAMs. Accordingly, higher UV doses were applied to TAMs in flow-through experimental exposure trials that completely protected juvenile rainbow trout from infections with M. cerebralis (Hedrick et al. 2000) .
More recent studies on the effects of UV on UVsensitive parasites with waterborne cyst or spore-like stages (e.g. Cryptosporidium and Giardia) have demonstrated that vital staining may not be a good indicator of UV efficacy, as it may drastically underestimate parasite inactivation compared to more meaningful infectivity metrics (Bukhari et al. 1999 , Craik et al. 2000 . According to the United States Environmental Protection Agency (USEPA), 3 log inactivation of Cryptosporidium and Giardia can be safely achieved with UV doses of 12 and 11 mJ cm -2 , respectively (Qian et al. 2004 , Anonymous 2006 . These recent findings with what were previously considered UV-resistant organisms prompted us to evaluate lower doses of UV than those used by Hedrick et al. (2000) to inactivate TAMs prior to exposures to juvenile rainbow trout. These studies were deemed important since the use of lower doses of UV would incur considerably less cost for large-scale water treatments (e.g. fish hatcheries) for inactivation of the waterborne stages of M. cerebralis.
MATERIALS AND METHODS
Production of TAMs. The TAMs of Myxobolus cerebralis were generated by an identical process to that described by Hedrick et al. (2000) . The TAMs so prepared originated from myxospores from rainbow trout from the Mt. Whitney Hatchery, Independence, California, USA. The myxospores were added to susceptible populations of Tubifex tubifex obtained from the same location, and TAMs were harvested on the day of UV treatments and fish exposures.
Selection of UV doses. The UV doses selected for the current trials ranged from 40 to 160 mJ cm -2 . This range was chosen to correspond to practical design doses employed in various UV disinfection applications. Drinking water systems are often designed for a UV dose of 40 mJ cm -2 which provides 4 log reductions of the most resistant pathogens of epidemiological concern (Anonymous 1997 (Anonymous , 2001 (Anonymous , 2003a . Design doses for disinfection of reclaimed water for reuse purposes typically range from 50 to 100 mJ cm -2 (Anonymous 2003b), and a number of recent fish hatchery disinfection systems have been designed with UV doses of 120 mJ cm -2 (G. Vanderlaan pers. comm.). Our treatments went to higher UV doses of 160 mJ cm -2 to bracket this practical application range.
UV treatments of TAMs. A collimated beam apparatus was used for evaluating the efficacy of UV treatments for the inactivation of the TAMs of Myxobolus cerebralis. TAMs collected from experimentally exposed Tubifex tubifex cultures were harvested, enumerated, and diluted such that 50 ml aliquots (the volume to be used in UV irradiations) would contain 2 × 10 4 TAMs. Aliquots (50 ml) of the diluted TAMs stock underwent UV irradiation using a low pressure mercury vapour lamp collimated beam device. A calibrated International Light 1700 radiometer was used to measure the irradiance of the UV light from the collimated beam. The UV transmittance at 254 nm (UVT) of the diluted TAMs suspension (96% cm -1 ) was measured with a P254C photometer in order to calculate the Water Factor. The Water Factor, Petri Factor, Divergence Factor and Surface Reflection Factor (2.5%) were quantified and accounted for in determining UV dose (Bolton & Linden 2003) . Different UV doses were achieved by varying the irradiation time. Aliquots were constantly mixed with a magnetic stir bar during irradiations, so the positive/procedural controls consisted of stirring for the maximum irradiation time (approximately 16 min) in the absence of UV light.
Exposures of rainbow trout to UV-treated TAMs. A total of 6 experimental groups each with 2 replicate sub-groups of 20 juvenile (27 d post-hatch at 12°C) rainbow trout were prepared. The groups consisted of a negative control (no TAMs, no UV), a positive/procedural control (1000 TAMs fish ). For TAMs exposures, 20 fish for each replicate subgroup were placed in 1 l containers with 450 ml of 15°C aerated well water. Treated or untreated TAMs aliquots (50 ml) were added to each container. Because each 50 ml aliquot contained 2 × 10 4 TAMs and each container had 20 trout, exposures were 1000 TAMs fish -1
. Each sub-group was exposed for 1 h with aeration, and then transferred to 20 l aquaria receiving 15°C well water at a rate of 3.0 l min -1 . The fish were fed a commercially available trout diet at approximately 2% body weight d -1 . Assessments of whirling disease among exposed rainbow trout. All fish were observed for clinical signs of whirling disease throughout the experimental time course. As part of a different study, 5 fish were removed from each replicate sub-group aquarium at 10 d, and 2 and 3 mo post-exposure. In the current study, the presence of whirling behavior and or a blackened tail region were recorded among 15 live fish in each sub-group at 2 mo. At 5 mo post-exposure to TAMs, the presence of blackened tail, head/jaw and spinal deformities were recorded for the surviving fish in each sub-group replicate aquaria. In addition, these same fish were examined for lesion scores, myxospore counts per half head and parasite genome equivalents by TaqMan (quantitative PCR [qPCR]) with methods identical to those described by Hedrick et al. (1999) and Kelley et al. (2004) . Certain replicate sub-groups had fewer than 5 fish at 5 mo due to mortality experienced between 3 and 5 mo post-exposure. Among fish that died during the experiment, those that were more freshly dead were examined for evidence of external parasites by skin and gill scrapings and for internal bacteria by streaking of blood and trypticase soy agar plates. In addition, possible mortality due to whirling disease was assessed from clinical signs, and from analyses of selected fish (n = 4) for microscopic lesions, amounts of Myxobolus cerebralis DNA, and myxospore counts as described above. Statistical analyses for differences between treatments, and between treatments and controls were not conducted because all metrics for evaluating whirling disease were negative in all of the treatment groups.
RESULTS AND DISCUSSION
All doses of UV tested were effective in inactivating the TAMs of Myxobolus cerebralis as evaluated by exposures of juvenile rainbow trout. There was no evidence of clinical disease among fish receiving UVtreated TAMs, and analyses of fish that died during the study period or that were sampled at 5 mo postexposure by qPCR, by histology (lesion severity) or by pepsin trypsin digest (PTD) analyses (myxospore counts) were all negative. In contrast, rainbow trout receiving the same levels of TAMs not treated with UV, experienced clinical disease and had high qPCR levels, lesion severity scores and myxospore counts. These results indicate that UV doses as low as 40 mJ cm -2 at the parasite levels tested are sufficient to inactivate the waterborne stages of M. cerebralis.
Mortality
A total of 17 fish died between 3 and 5 mo postexposure and it was necessary to determine whether whirling disease was the cause of death. All of the dead fish lacked clinical signs of the disease. The pattern of deaths across the treatments was consistent with non-whirling disease mortality: there were 4 deaths from a negative control group, none from the positive control groups, and the remainder from a variety of UV-treatment groups. Five fish were all from a single sub-group replicate receiving TAMs treated with 40 mJ cm -2 UV that died due to a water supply failure to this aquarium. Four of the 13 fish from UV-treatment groups were analyzed for the presence of microscopic lesions, myxospore counts and qPCR. All qPCR results were negative for Myxobolus cerebralis, and no lesions or myxospores were found. We used standard necropsy procedures to determine whether other microbial pathogens were involved in the mortality. There was no evidence for external parasites or bacterial pathogens in skin and gill scrapings or upon bacteriological media streaked with kidney tissue from a total of 5 fish deemed sufficiently fresh for analysis. Although the deaths could not be attributed to specific causes, the fact that all tests for M. cerebralis were negative indicates that the particular parasite was not involved in the mortality observed between 3 and 5 mo post-exposure.
Measures of infectivity in the control groups
All tests for the presence of Myxobolus cerebralis verified that the negative control groups were parasite free. Evidence included the absence of clinical signs of whirling disease, M. cerebralis DNA, microscopic lesions and myxospores. In contrast, nearly all the positive controls or fish receiving the same level of TAMs not treated with UV developed clinical signs of whirling disease (Table 1) , and all fish examined at 5 mo post-exposure had severe lesion scores of 4 or 5 out of a maximum of 5 (Table 2) , high myxospore counts averaging 10 5.9 per half head (Table 2) , and levels of M. cerebralis DNA with a mean of 10 7.3 genome equivalents per 10 6 trout cells (Table 2) . These measures of infection among fish in the positive/procedural control group confirmed that the TAMs were viable, the fish were susceptible to infection, and procedures (stirring) inherent to the irradiation process did not reduce the viability of the TAMs.
Measures of infectivity in UV treatment groups
In the UV dose-response series, no clinical signs of whirling disease (whirling, black tail, head or jaw or spinal deformities) were observed for any of the fish in any of the treatments at any point during the 5 mo time course (Table 1 ). All fish examined at 5 mo post-exposure from all of the UV-treatment groups had lesion scores of zero (Table 2) , myxospore counts of zero (Table 2) , and were PCR-negative for Myxobolus cerebralis DNA (Table 2 ). All the UV doses from 40 to 160 mJ cm -2 were completely effective in preventing whirling disease in rainbow trout exposed to high challenge concentration of TAMs (1000 fish -1 ).
Comparisons to prior studies and applications of UV
Studies by Hoffman (1974 Hoffman ( , 1975 and Hedrick et al. (2000) have shown UV to be effective at preventing whirling disease. Hedrick et al. (2000) demonstrated that rainbow trout exposed to TAMs irradiated at very high UV doses of 4000 mJ cm -2 were kept free of whirling disease. This study used a device that could only provide high UV doses because it had been designed for Cryptosporidium oocyst inactivation, which at the time was reported to require high UV doses. In the same study, complete inactivation of TAMs in static collimated beam exposures was shown at lower UV doses (1300 mJ cm -2 ) as evaluated by vital staining. Since that work, vital staining has been shown to severely overestimate UV dose requirements for Cryptosporidium. Very low UV doses were found to inactivate the parasite when evaluated by infectivity (Bukhari et al. 1999 ), compared to earlier work suggesting high UV dose requirements when vital staining was used to evaluate UV efficacy (Campbell et al. 1995) . Work on the parasite Giardia similarly found low UV doses to be effective when evaluated by infectivity (Craik et al. 2000 , Linden et al. 2002 . The current study confirms that for the parasite Myxobolus cerebralis, UV doses as low as 40 mJ One fish in each of Rep 1 and 2 died just prior to sampling and these fish were included in the analyses Table 2 . Oncorhynchus mykiss. Effects (mean values and SE) of selected doses of UV irradiation on the infectivity of waterborne infective stages (TAMs) of Myxobolus cerebralis for juvenile rainbow trout. Replicate groups (Rep) were held in 15°C water for 5 mo following exposure to the parasite and then 5 fish from each replicate, except where noted, were examined for severity of microscopic lesions (0 = uninfected to 5 = heavily infected), concentrations of myxospores in the cranium, and parasite numbers based upon genome equivalents per 10 6 host cells by quantitative PCR (qPCR) analyses. Results are absent from replicate groups where fish were no longer available for analysis (na) at 5 mo cm -2 were sufficient to completely inactivate infectivity for rainbow trout under the conditions described. Hoffman (1974 Hoffman ( , 1975 also found UV to be effective in preventing whirling disease in rainbow trout. However, at the time of that pioneering work, the waterborne TAMs were not known and thus neither the challenge levels nor UV doses could be calculated accurately. Since the studies of Hoffman (1974 Hoffman ( ,1975 , UV dose calculations for flow-through UV systems have been shown to typically overestimate actual UV doses when compared to more accurate determinations with a laboratory collimated beam test using a NIST-traceable radiometer (Petri & Olson 2002) . Our study confirms that the calculated UV doses of Hoffman (1974 Hoffman ( , 1975 were likely in the correct range, as we show complete protection against whirling disease at UV doses as low as 40 mJ cm -2
. Hoffman (1974) showed that complete protection occurred at calculated UV doses of 35 mJ cm -2 , while calculated UV doses of 27.7 mJ cm -2 did not provide complete protection (Hoffman 1975) . In contrast to the latter 2 studies, we have found that the threshold for complete inactivation of TAMs occurs at even lower doses, i.e. between 10 and 20 mJ cm -2 , as assessed by infectivity trials with rainbow trout (authors' unpubl. results).
The concentrations of TAMs of Myxobolus cerebralis which are apt to be present in hatchery water supplies are best evaluated from filtration studies of natural waters (Thompson & Nehring 2003, P. Reno pers. comm.) . These studies indicate that concentrations of TAMs ranged from undetectable to 25 to 50 TAMs l -1 . Considering water flows and fish numbers present in trout hatcheries, ambient levels of TAMs fish -1 over a 1 h period would unlikely exceed 0.3 to 3, several thousand and several hundred-fold less than the levels of TAMs used in our experimental trials. A key difference between laboratory and natural exposures is that the former are static while the latter are continuous, and thus cumulative doses of TAMs may need to be considered. However, under conditions of continuous water treatments with UV, levels of TAMs present at any one point in time will be significantly less than 1000 TAMs fish -1 , a concentration found to be completely inactivated in the static challenges of rainbow trout in our study. Therefore, a UV dose continuously maintained for hatchery water supplies of 40 mJ cm -2 or greater should be highly effective in preventing whirling disease.
In conclusion, the doses of UV required to inactivate the waterborne infective stages of Myxobolus cerebralis are considerably lower than those described in the prior work of Hedrick et al. (2000) , and consistent with the UV doses recommended by Hoffman (1974 Hoffman ( , 1975 . Doses of 40 mJ cm -2 are cost effective for the treatment of large water supplies to fish rearing facilities, and thus, UV may become a more broadly used means of water disinfection in areas where the waterborne infective stages of M. cerebralis are found.
